Summary. Etiolated mung bean hypocotvl segments were incubated in 0.25 M mannitol solutions with indoleacetic acid. They were then deformed mechanically with a longitudinal tensile force at a constant strain rate. The mnagnitudes of the mechanical forces were comparable to those of the hydrostatic forces existing in normally growing, tissues. Each segment was repeatedly deformed and returned to zero force. The total deformation was increased at each cycle.
It was found that irreversible elongation, irreverslible change in surface area and total change in surface area all were linear functions of total imposed elongation. However, very little change in volume occurred during the deformations.
The work of irreversible deformation was found to be independent of temperature between 80 and 250. It was also virtually independent of rate of deformation measured over a 5-fold range of deformation rates. From these results it is concluded that the irreversible deformation of mung bean hvpocotyl tissue occurs by plastic deformation rather than by viscous flow. Thus, the :rreversible deformation occurred as a result of breaking cross-links of a cross-linked polymer system.
It is now well established that elongation of plant stem, hypocotyl and coleoptile tissues occurs as a result of the hydrostatic pressure within the cell together with the physical yield of the cell wall (4, 6, 8, 9, 10, 12) . Normally, the rate of wall deformation is a function of the rates of the metabolic processes that act on the cell wall and of the turgor pressure existing within the cell. The turgor pressure is, in turn, a function of the osmotic pressure of the tissue and the water conduictivity of the system (7).
The effects of whatever metabolic processes are necessary to maintain cell wall deformability mav be studied by measuring the changes that occur in the physical properties of the walls as a result of this metabolic action. In order to separate the metabolic effects and the deformation process the turgor pressure can be reduced. This will allow the metabolic processe-s that act on the twall to continue without concurrent wall yield. After incubation for an appropriate time the physical properties can be measured under known applied forces (hydrostatic or meChanical forces) (4, 8, 9) . For the present studies the hydrostatic pressure was reduced by incubation in approximately isotonic mannitol solutions.
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Whatever the details of the structure, the physical properties of plant cell walls are due to some type of polymer structure. In principle, a polymer system is either cross-linked or linear. To understand the mechanism of irreversible deformation it is important to determine whether the polymers that control the physical properties of the cell wall are linear or cross-linked. On the basis of indirect evidence various authors have alreadv concluded that the cell wall is a cross-linked polymer system (2, 10 varies with the temperature of the material (during deformation) while the work required for plastic deformation is essentially independent of temperature (1.5). In a polymer system the cross-liniks are forces acting between the individual polymer elements. True cross-links are forces between polymer elements with sufficient potential energy to remain continuotusly intact (within a particular temperature range). Thus a sufficient numlber of cross-links will make a polymer system a true solid. If the forces between polymer elements are such that the bonds are continually forming and opening in a thermal equilibrium relation-ship, the polymer system is a linear polymer and has the properties of a viscous liquid.
One of the most useful techniques to study tihe deformation properties of solid polymer systems is to impose a iconstant rate of deformation on the material and monitor the force durinog deformation. The constant strain rate technique was first used on plant tissue by Olson, et al. (9) and Cleland (3) has used thiis technique extensively.
Methods and Materials
Dark-grown seedlings of mung bean (Phaseolus aureus) 4 or 5 days old were used as the experimental material. The seedlings were germinated and grown in a dark room at approximately 250°. A 10 mm segment of hypocotyl (the portion from 7 to 17 mm below thie aipical hook) was used for the experiiiiental studies reported here.
To apply a tensile force to a tissue segment each end of 2 strips of cotton cloth roughly 1 X 5 cm were smeared with Elnmer's Contact Cement, a Borden Corporation organic solvent adhesive. Portions of the stem above and beloxv the experimental segment were also smeared with adhesive. The adhesive was allowed to dry for 5 minutes. The hvpocotvl was then cut off about 4 cm below the apex and the ends of the cloth strips wvere firmly pressed to the ends of the hvpocotyl to form 2 loops of cloth. The adhesive w\,as allowed to set for 5 minutes in air, then the tissues were placed in a mannitol solution for incubation. Gluing and incubation xvas done in the dlarkroom with minimum exiposures to green light.
Since the purpose of these studies was to miiea-sure the deformation of living tissues unlder known forces it was necessary to lneutralize the normal turgor pressure of the tissue. 'I'his was (lone bv incubating the tissues in 0.25 xl mananitol (At'as Powxvder Companv, Wilming-1ton, lDelaware) solutions for ap)proximately L.5) to 2.0 hlours. Each se>gnieiit r-emailedfl in the mannitol solution until, it was placed in the anialvzer.
Indoleacetic acid (IAA) was normally added to the mannitol as the potassium salt to make a concentration df 1.0 mg/liter.
For defornmation, those iportions of the segment to which the cloth had been glued were clamped by vises faced with several layers of leather leaving the 10 mm experimental segment between the vises. The glued cloth tape prevented the tissue from slilpping within the vises. A constant rate of elongation was imposed on the tissue by lowering at a constant rate an elevator on which was mounted the lower vise. The deformation rate was 0.75 mm/min, i.e., 7.5 %/min, unless otherwise specified. In the early experiments the lower vise and the tissue segment were immersed in a 0.25 m solution of mannitol during deformation. In the later experiments the tissues were deformed in air after it was found that the responses were the same in air anid in mannitol solutions.
The force imposed on the tissue section was continuously measured by a Statham force transducer connected to the upper clamp by a lever system. The output of the transducer system drove the y-axis of an x-v recorder. Usually deformation was continued until a selected force or deformation was reached, then the direction of elevator movement was reversed and the vise was raised at the same rate to measure the deformation-force curve of recovery. A 20-turn potentiometer wvas geared to the elevator drive shaft, and the voltage drop across the potentiometer measured the position of the clamp and elevator and drove the x-axis of the recorder.
In the experiments reported here an additional measurement was made. The diameter of the tissue was measured at the beginning of the experiment and before and after each deformation with a horizontal microscope and a Vickers "Image-Splitting Eyepiece". Thus, both irreversible andl elastic changes in the surface area and volume of the tissue segment coulid be calculated and related to the total change in length and work required for deformation. These iparameters provide a much more complete picture of tissue deformation than the measure of length alone (8) . The relative changes in area and volume of tissue segments were calculated ifrom the relationships: dA/A = dl/l + dr/r and dV/V = dl/l + 2(dr/r), where cylinder volume is denoted by V, lateral suirface area by A, length by I and radiuis by r.
The area under the rforce-deformation curve was measured with a planimeter. It will be shown belowx that this area represents the work of deformationi of the tissue segment.
Deformations have been expressed lher-e as percentage change, e.g., (Al/L) X 100, unless otherwise specified. The experimental variability is expressed either as the standard error or as the coefficent of variability, i.e., the standard deviation divided by the mean.
Experimental Results
IrrezJersible and Elastic Tissue Deformation. Preliminary constant strain rate experiments gave some surprising results. The irreversible elongation of the tissue was not linear with applied stress, as might have been anticipated. Instead, irreversible deformation, both Al/l and AA/A, was found to be directly proportional to the total elongation imposed on the It is evident that under the experimental conditions used here, the decrease in tissue diameter was linearly related to the imposed increase in length. Furthermore, the total decrease in diameter was equal to approximately one-half the total increase in length. Evidently, then, there was little change in tissue volume during the imposed deformations and recoveries (figs 1 and 2), since AVIV = ±/I+ 2Ad/d.
The significance of the lack of substantial volume changes willi be discussed below.
Even though irreversible deformation was presumed to be a function of the imposed total change in stem length, it is probably equally valid to consider During the present investigations the work of deformation of hypocotyl segments as a function of deformat-on rate was studied. Normally the hypocotvyl segments were deformed at a rate of approximately 0.75 mm/min, i.e., 7.5 %/m-n. The e!evator that imposed the deformations was driven by a synchronous motor geared to allow a choice of gear ratios permitting various deformation rates. Deformation rates of 0.33 mm/mmn and 1.65 mni/m n were used to study the influence of deformation rate on the work of deformation. The selection of these rates was arbitrary but the experimental results suggested this was an appropriate range.
The work of irreversible deformlation at the 2 deformation rates is presented in figure 6 . It is evident that when the deformation rate is 5-fold more rapid, the work of irreversible deformation is increased by less than fifty percent. This small increase in the work of irreversib1e deformat.on at the faster deformation rate is hardly greater than the inierease in the work of elastic deformation under the same condition a!so shown in figure 6 . The work of simple elastic deformation is, in principle, independent of rate of deformation, but Cleland has presented evidence for a significant retarded elastic deformation in killed Aveiza tissue (3), and we have observed relatively small but significant retarded elastic deformations in the present study. This response could account for most or all of the d.fferences observed at the 2 strain rates. In any case the work of irreversib!e deformation of hypocotvl segments was virtually indepenident of deformation rate.
It was shown above that in this system irreversble deformation is linear with total deformation. Figure  7 shows that this linear relationship holds for all stran rates used here. In addit on, the results presented in figure 7 iMustrate that the magnitude of irreversble deformation is essentially independent of rate of strain. Thus, both the magnitude of irrevers'b'e deformation and the energy per unit irreversible deformation are independent of strain rate.
Repeated Deformations. After a hvpocotyl segment has been stretched to a given total length and the imposed tensile force removed, irreversible deformation will be found to It is evident that the work of deformation is not affected by temperature, between 10°and 25° (fig 9) . Thus, in this range of temperatures irreversible deformation of the tissue is not by viscous flow but by some process comparable to breaking polymer crosslinks.
An important assumption is made when deformations are studied under applied tensile forces. In such cases the observed deformation of the tissue is assumed to be a measure of the growth potential of the tissue. This assumption has been studied previously (8 It should be noted that the magnitudes of irreversible deformations resulting from the 2 forces will not necessarily be comparable even if the longitudinal tensile forces are equal. This is due to the fact that, in principle, a deformation is a function of all the stresses acting on the body.
Discussion
Several investigators (2, 3, 10) have proposed that the cell wall is a cross-linked polymer system (i.e., that deformation is by iplastic flow) based on limited evidence. The results presented here fully confirm that assumption. Cell wall deformation evidently occurs by breaking polymer cross-links rather than by viscous flow.
The mechanism of plastic flow of a cross-linked polymer is consistent with a nunmber off experimental results reported in the past. For example, it has been shown that after incubation to allow metabolic wall relaxation, a tensile force caused sulbstantiail irreversible increase in length (9) and cell wall surface area (8) . However, subsequLent applications of equal tensile stresses caused very little additional irreversible deformation, a result fuilly confirmed here. intertwined. In this case, the cross-links that are broken are simply those bonds withinl the polyvmer chain on wshich the greatest stre.s falls. In the case of cross-linked polvymners. then, irreversible deformation will occur only wrhen energy is exipended to break cross-links. Thus, the work required for deformlation will be independent of the rate of deformation. WVhen a linear polynmer (i.e., a polymer system without cross-links) is subjected to a constant stress the irreversible deformationi is by viscous flow. The irreversible deformation wNill be a linear function of time and of the magnitude of the stress. Thus, a larger stress will cause miiore rapid deformation of such a polymer. Evidentlv, then, miiore work is required to give the same magnitude of deformation if deformation is rapid. Trhus, the work necessary for a given defornation will be directly proportional to the rate of strain. If, instead of a constant force, a con.stanit rate of strain is imposed on such a system the force necessary to maintain suclh a rate of strain will be a constant.
The (reversible) work of elastic deformation is the portion of the total work that is revers;Vblv incorporated into the polymer elements as potential energy (e.g., crystals, or as a decrease in entropy, e.g., rubher) when the orientation of the polymer elenents is deformed from configurations of minimum free energy to those having higher free energies. This portion of the total work will ibe recovered when, the external force is 
